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SUMMARY

Improved calculations have been madeof the thermodynamic and transport
properties of the hydrogen (H) - oxygen (0) system. The properties calculated
include enthalpy, entropy, molecular weight, heat capacity, isentropic exponent,
composition, viscosity, thermal conductivity, Prandtl number, and Lewis number
for chemical equilibrium conditions. Also included were frozen heat capacity,
frozen thermal conductivity, and frozen Prandtl number, all calculated with the
equilibrium composition. Results are presented in tabular and also, in some
cases, in graphical form. The weight percent fuels considered were 0.0 (pure
oxygen), 2.5, 5.0, 5.9266 (stoichiometric H202), 8.5, 11.1901 (stoichiometric
H20), 12.5, 15.0, 17.5, 20.0, 30.0, 50.0, 75.0, and i00.0 (pure hydrogen). For
each of these percent fuels_ calculations were performed at 0.001, 0.003, 0.01,
0.03, 0. i, 0.3, i, 5, i0, 30, i00, 300_ and i000 atmospheres from 600° to 5000° K
at intervals of i00 ° K. Conditions were specified by assigning the pressure, the
temperature, and the percent fuel. Properties were then calculated on an IBM
7090 digital computer. The thermodynamic data were obtained from a recent publi'
cation, NASASpecial Publication 3001, and the thermodynamic properties were cal-
culated through the use of a program described in NASATechnical Note D-1454. A
new program was written to calculate the transport properties. Rigorous mixture
equations for monatomic gases were applied, with a modified Eucken expression
used in calculating the internal thermal conductivity. Transport property cross
sections were obtained from theoretical and experimental data available in the
literature. Whendata were lacking, they were estimated, lons were not included
in either the thermodynamic or the transport property calculations inasmuch as
the fraction of ions was about 2x10-4 even at 5000° K and 0.001 atmosphere, the
condition most favorable for ionization considered herein. Nor were excited
states considered in the transport property calculations, since the contribution
of these species was of the order of magnitude of the uncertainty in the cross
sections or less. However, excited states were included in the thermodynamic
calculations.

INTRODUCTION

In order to design rockets, thermodynamicproperties, transport properties,
and performance data are needed over a wide range of pressures, temperatures, and
equivalence ratios for various propellant systems. One of the most important
systems pertaining to chemical rockets is the hydrogen (H) - oxygen (0) system.
Thermodynamicand transport properties, and also performance data, have been cal-



culated for this system (ref. I); however, it is now possible to make improved
calculations of the transport property data. Since the publication of refer-
ence i, considerable progress has beenmadein the field of transport properties
of gases at high temperatures. Data have recently becomeavailable for transport
property cross sections at high temperatures for a numberof interactions.
Therefore, viscosity and thermal conductivity data have been recalculated for the
hydrogen-oxygen system. Rigorous equations for mixtures were applied in calcu-
lating viscosity, monatomic conductivity, and reaction conductivity; a modified
Eucken expression was used in calculating the internal thermal conductivity.
Equilibrium compositions, which are needed in the calculation of the transport
properties, and other thermodynamic properties were also calculated. The calcu-
lations were performed over a wide range of conditions, from pure oxygen to pure
hydrogen, from 800° to 5000° K, and from 0.001 to i000 atmospheres. Results are
presented in tabular form and, for someof the tabulated data, in graphical form.
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, dimensionless

heat capacity at constant pressure, cal/(g)(°K)

coefficient of diffusion between molecules i and k, sq cm/sec

element ij of determinants in eq. (i), g/(cm)(sec)

element ij of determinants in eq. (18), (cm)(sec)/g-mole

enthalpy, cal/g-mole

heat of reaction, cal/g-mole

standard state enthalpy at temperature T, cal/g-mole

Boltzmann constant, 1.380_×i0 -18 erg/°K

(_mixture reaction) (Cpfro zen)

Lewis number, c , dimensionless
(_mixtur e frozen) ( Preaction )

o_.... + _ _ _o+o_o_+._ i_ e_o (_)_ 0al/(cm)(_)C°_

molecular weight, g/g-mole
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hiinternal

hik

hmixture

_m

stoichiometric coefficient for molecule k in reaction i, dimen-
sionless

Avogadro number, 6. 023×1025 molecules/g-mole

total number of molecules_ dimensionless

oxidant to fuel weight ratio

pressure, atm

Prandtl number, (Cp)(_)
, dimensionless

gas constant_ 1.98726 cal/(g-mole)(°K) (except 82.057 (cc)(atm)/

(g-mole)(°K) in eqs. (13) and (19))

entropy, cal/(g)(OK)

temperature, OK

molar volume at the melting point, cm_/g-mole

number of reactions occurring_ dimensionless

mole fraction, dimensionless

f8 in P_

isentroplc exponent _l_-_-_s3 dimensionless

parameter in modified Stockmayer potential, dimensionless

parameter in Lennard-Jones (12-6) and modified Stockmayer potentials,

erg

quantity defined by eq. (4), g/(cm)(sec)

coefficient of viscosity of the mixture_ g/(cm)(sec)

coefficient of internal thermal conductivity of species i,

call(cm) (sec )(OK)

quantity defined by eq. (9), cal/(cm)(sec)(°K)

coefficient of thermal conductivity of the mixture, cal/(cm)(sec)(°K)

dipole moment, Debyes

density, g/cm _

density of solid at melting point, g/cm 3
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a

_rs

parameter in Lennard-Jones (12-6) and modified Stockmayer potentials, A

rigid sphere collision diameter_ A

reduced collision cross section, A2

METHODOFCALCULATIONOFTHERMODYNAMICPROPERTIES

Numerousprograms are presently in existence for the calculation of equilib-
rium compositions and other thermodynamic properties of complex chemical systems.
The program of reference 2, which was written at the Lewis Research Center, was
used for this report as a matter of convenience. Only that part of the program
was used which calculates thermodynamic properties of mixtures at specified pres-
sures and temperatures. The thermodynamic data of the pure species, needed as
input data for the program, were obtained from reference 3. Values from refer-
ence 5 of the standard state enthalpies at 0° and 298.15° K are given in table I.
The values at 298.15° K are also the heats of formation at this temperature.

METHODOFCALCULATIONOFTRANSPORTPROPERTIES

The first approximation to the coefficient of viscosity, for a mixture of
gases, is given in reference _, page 531, as

FII FI2 FI3 Fin xI
FI2 F22 F23 F2n x2

FI3 F23 FZZ F3n xZ

_mixture = -

Fin F2n Fsn F xnn n
xI x2 xZ xn 0

FII FI2 FI3 Fin
FI2 F22 F23 • F2n
FI3 F2Z FZ3 FZn

Fin F2n F3n Fnn

where the principal diagonal elements are given by

(i)
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Z, )Fii = _ii \_J (Mi + Mk)2 +
k=l

k£

and the off-diagonal elements by

Fij = Fji = -\-_--j / Mj)2 - i _ J

The quantity _ik in equation (2) is given by

The quantity _ii

(z)

(_)

i and may

be obtained by letting k = i in equation (4). Equations for the thermal con-

ductivity, which follow, are rewritten in terms of the quantity qik to facili-
tate computer calculations.

The first approximation to the coefficient of thermal conductivity of a mix-

ture of gases may be expressed as the sum of three terms (ref. 5) in the follow-

ing manner:

kmixture equilibrium = kmixture monatomic

+ kmixture internal + kmixture reaction (5a)

where the first term on the right side of equation (Sa) represents the contribu-

tion from translational energy, the second term the contribution from internal

energy, and the third term the contribution from chemical reaction. The equation

_mixture equilibrium = )mixture frozen + %mixture reaction (Sb)

indicates that the sum of the first two terms on the right side of equation (Sa)

represents the frozen thermal conductivity, that is, the conductivity that ig-

nores the diffusion effects associated vlth the thermal conductivity due to

chemical reaction. An expression for the first term on the right side of equa-

tion (Sa) is given in reference 6 as

represents the viscosity coefficient for molecule

/ 2MiMkT

z6.693y(Mi + Mk)
_ik ×I06 = _-{'2,2 ) (4)

_ ik



_mixture monatomic = &

LII LI2 LI5
L21 L22 LZZ
LSI L52 L55

Lln Xl
L2n x2
Lsn x5

Lnl Ln2 Ln5
xI x2 x5

Lnn xn

• xn 0

LII LI2 LI5

L21 L2Z L25

LSI LS2 L55

Lnl Ln2 Ln5

Lln

L2n

Lzn

Lnn

(6)

where the principal diagonal elements are given by

n

Tii --_ii

+- _ 5BikM _ +

k=l

k#i

(Mi+ _k)2A'_k_ik

and the off-diagonal elements by

(7)

2xixjMiMj

Lij = Lji = (Mi + Mj)2A_j_ij

An expressio_ for hik in terms of _ik

follows:

(_-_ _) __J (8)

is given in reference A, page 554, as

Xik = T _, 2MiM k "]Nik

(9)

By using this relation_ the principal diagonal elements may be written as

-16x_M i

Lii = 15R_ii L *
+ - 3M_Bik +

3A_lSR(Mi+ Mk) ik_ik

k=l

k_i

(io)
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and the off-diagonal elements by

16x.x.M}2

• ala _ (_- 3B_j - _,.=j) i _j (11)
Lij = Lji = !SR(Hi + Mj]SA *. --ijUij

An expression for the second term in equation (5a), the contribution from inter-

nal energy, is given in reference 5 as

_mixture internal =

n

i=l

linternal

n

i +_ Dii xj

Dij xi

j=l

(12)

where _iinterna I is the internal thermal conductivity of species i, that is,

the contribution to the total thermal conductivity of species i from the in-

ternal energy modes. Equation (12) is the generalized Eucken expression for a

mixture of nonreacting polyatomic gases.

An expression for Dij in terms of _ij is given in reference 4, page 530,
as follows:

3 (Mi+ Mj) R(_). (13)
Dij = 5 MiM j AiJ_ij

By means of this relation, equation (12) becomes

kmixture internal =
=internal

Z._jLAL

n

n

i+

j=!

i=l

(i_)
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The usual modified Eucken expression for the internal thermal conductivity of a
pure gas is given by

kiint ernal = PiDii [(Cpi) 2 (is)

Recently, the theories of Wang Chang and Uhlenbeck, and of Taxman_ were used in

reference 7 to calculate the thermal conductivity of pure polyatomic gases. As

a first approximation, the usual modified Eucken approximation (eq. (15)) for a

pure gas was derived; as a second approximation, additional terms involving re-
laxation times were included.

Using the value of Dii obtained from equation (13) by letting j = i and

making the substitution of the ideal gas law Pi/Mi = P/RT in equation (15) re-
sult in

kiinternal = _ii Cpi - _ . _ii (i6)

Then substituting this expression for hlinterna I into equation (i_) gives

Amixture internal =

n

i=l

1 +

Aii P 2 _ii

n

j=l

(17)

An expression for the third term in equation (Sa), the reaction conductiv-

ity, has been derived as follows (refs. 8 and 9):



1
kmixture reaction = RT2

Gll G12 G13
G12 G22 G23
GIS G23 G33

Glv ZZ{1
G2v _2
G3v ZXH3

Gw AHv
o

GII GI2 GI3

GI2 G22 G23

GI3 G23 G33

Glv

G2v

_3v

Glv G2v G3v Svv

(18)

where the elements Gij are given by

n-1 n

k=l _=k+l

i,j = I, 2, V (19)

and

n

AHi = Z Nik Hk

k=l

i = i, 2, • v (20)

Equations (18) to (20) express the contribution to the thermal conductivity due

to reaction, for gases in local chemical equilibrium. If the expression for

RT/DkzP from equation (13) is substituted into equation (19), the result is

n-1 n

Gij--GJi = k xkx 
k=l Z=k+l

i,j = I, 2, • v (21)

Associated with the properties of viscosity and the__m__a!conductivity of gas

mixtures are a number of dimensionless quantities, such as the Prandtl number and

the Levis number. They are defined for mixtures as follows:
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_ (Cpfro zen) (_mixture)

Prfr°zen- kmixture frozen

c (
(Pequilibrium) _mi'xture)

Prequilibrium =' _mixture equilibrium

(22)

(23)

(_mixtur e reaction) (Cpfrozen)

Le : (24)

¢ )(kmixture frozen) Preaction

where

c = c - CpPreaction Pequilibrium frozen
(2s)

and

n

Cp = E XiCpifrozen
i=l

(26)

The Lewis number definition (eq. (24)) is given in reference i0.

To perform the calculations of viscosity, thermal conductivity, Prandtl num-

ber, and Lewis number, a computer program was written for the IBM 7090. The vis-

cosity was calculated by equation (i). The frozen thermal conductivity was cal-

culated as the sum of the monatomic and the internal thermal conductivities (eqs.

(6) and (17)). The equilibrium thermal conductivity was given by the sum of the

frozen and the reaction thermal conductivities (eqs. (6), (17), and (18)). The

frozen Prandtl number, the equilibrium Prandtl number, and the Lewis number, were

calculated by equations (22) to (24), respectively.

Rather than solve equations (i), (6), and (18) directly as ratios of deter-

minants, it is more suitable to rewrite them as a set of simultaneous linear

algebraic equations. This technique was used in the IBM 7090 program, with the

Gauss-Jordan reduction scheme of solving simultaneous linear algebraic equations.

A problem, which sometimes occurred in the solution of these equations, in-

volved situations where the mole fraction of some species was very small. When

this happened, the elements of the determinants of equations (i), (6), and (18)

could vary from one another by many orders of magnitude. This could cause sub-

stantial rounding errors during the course of the calculations. Though equations

(i) and (6) are well conditioned for this situation and are readily solved, equa-

tion (18) is poorly conditioned and large errors will frequently occur if no re-

striction is placed upon the magnitudes of the mole fractions. In order to

remedy this, if the mole fraction of a molecule did not show up in the table of

compositions, the mole fraction was set to 10 -8 . This number was chosen as a

compromise between two opposing factors. First, the number had to be large

i0



enough such that the rounding errors were negligible. Second, it had to be small
enough so that it madeno significant contribution to the final value of the
transport property. Thus, lO-8 was found to satisfy both these requirements.

To solve equation (18), it is necessary to describe the system by a set of
chemical reactions. The choice of reactions is arbitrary in that there are a
numberof different sets of reactions that are all equivalent; however, the re-
actions for a given set must be independent and sufficient in numberto describe
the system completely. The following four reactions were selected for the pres-
ent calculations:

H 2 = 2H

02 = 20

2H 2 + 02 = 2H20

O+H =OH

The program for the transport properties was then connected with the program

for calculating thermodynamic properties to eliminate keypunching intermediate

output on cards.

SOURCES OF" COLLISION CROSS SECTIONS

In order to proceed with the calculations as described in the previous sec-

tion, collision cross sections for all 21 possible binary interactions are re-

quired. For each interaction, the cross sections for viscosity _2,2) (also

translational thermal conductivity), diffusion x_-_l,l), and additional cross

sections _-_1,2) and _(1,5), which enter into the calculation of

_mixture monatomic, are needed. These various cross sections are conveniently

summarized in terms of three functions, the viscosity cross section _(2,2)

and the two dimensionless functions A* and B*. The equations of the previous

section indicate the manner in which each of these three functions enter into the

calculations.

There are a number of ways of obtaining the appropriate cross sections.

When experimental transport property data are available, they may be used to ob-

tain the cross sections directly; however, experimental data are not available at

high temperatures for most molecules. This situation exists because measurement

of transport properties at high temperatures poses difficult experimental prob-

lems. In an attempt to overcome these difficulties, recent efforts have been

made to obtain cross sections by alternate procedures. These include measure-

ments of intermolecular potentials through molecular beam-scattering measure-

ments, calculations that make use of spectroscopic constants, and purely theo-

retical calculations.

For the calculations of this report, the best _vailable data were used for

each interaction. For some interactions, no data were available. When this oc-

ll



curred, the cross sections were estimated by techniques that are described in the
sections H20-H20and 0H-OHInteractions and Remaining Interactions.

H-H, H-H2, H2-H2, 0-0, 0-02, 02-02, and O-H Interactions

Recently, cross sections have been determined over a wide temperature range
for the following pairs of interactions: H-H, H-H2, H2-H2 (ref. ll), 0-0, 0-02,
02-02 (ref. 12), and 0-H (ref. 13). These results, which have incorporated
available experimental transport and spectroscopic data in evaluating the cross
sections, were used in the calculations herein. Since the data of references ll
to 13 only go as low as lO00° K, the calculations were extended to 500° K. The
appropriate potential energy curves, employed in these references, were used to
calculate the data at 500° K. Also, values of B* for the H-H and H2-H2 inter-
actions were not reported in reference ll and were therefore calculated for all
temperatures.

H20-H20and OH-0HInteractions

Presently, the best available data for the cross sections of the H20-H20in-
teractionare obtained from the modified Stockmayerpotential. Collision inte-
grals have been calculated recently for this potential (refs. 14 and 15). The
assumptions were madethat the collision trajectories are negligibly distorted
by the transfer of internal rotational energy and that the relative orientation
of the colliding molecules remains fixed during the course of the collision.
These integrals have then been averaged over all orientations of the colliding
molecules, with the assumption that all orientations are equally probable (ref.
15). Using these averaged collision integrals in conjunction with experimental
viscosity data allowed determination of force constants for the H20molecule, as
well as for someother polar molecules. For this report, the collision cross
sections for the H20-H20interaction were obtained by using these force constants
(given in ref. 15)-for-the entire temperature range considered. It has been
shown (ref. 7), however, that resonant exchange of rotational energy may have an
important effect in the case of polar gases, particularly at lower temperatures.
This effect changes the diffusion cross section for internal energy, as described
in reference 7. Therefore, a correction has been applied to the H20-H20interac-
tion data. As a consequence, the values of A* for such interactions are
lowered, especially at the lower temperatures.

The modified Stockmayer potential was also used for the 0H-OHinteraction.
However, since no experimental transport data are available for the OHradical,
the force constants were estimated as follows: first, the constant a was esti-
mated from the equation (ref. 4, p. 245)

_2 _-2.3 Vm= 2.3 M__ (2v)
s Pm

The melting point density Pm of solid H202, 1.645 grams per cubic centimeter,

was used to calculate a = 2.662 A for OH in equation (27). This value of the

12



melting point density was obtained by extrapolating experimental solid density
data (ref. 16) to the melting point. Since there appeared to be no feasible way
to estimate the second force constant, c/k, from physical properties, it _as ar-
bitrarily chosen equal to that of H20, namely, 506° K. With the use of these two
force constants, the third vas determined from the relation

5 ---/- ×lO-12 (28)

where 5 is the third constant in the Stockmayer potential and _ is the dipole

moment of OH. Since no experimentally measured dipole moment was found in the

literatt_re for OH, it _as estLmated by the following technique: electronegativi-

ties of iodine (I), bromine (Br), chlorine (C1), and fluorine (F) were plotted

against the percent ionic character of the corresponding hydrogen halides (HI,

HBr, HC1, and }IF). A linear relation was obtained. The percent ionic character

of OH was determined from the graph, corresponding to the electronegativity of

oxygen (0). The dipole moment was then calculated from the percent ionic charac-

ter to be 1.&l Debyes. A discussion of this type of correlation is given in ref-

erence 17.

Remaining Interactions

For some of the unlike interactions (H2-02, H2-H20 , and H20-02) experimental

diffusion data were available at lower temperatures (refs. 18 to 22). Force con-

st_nts for the Lennard-Jones (12-6) potential were determined from these data for

each interaction by'means of a graphic technique, as described in reference 23,

page lO. In applying this technique, it was possible to find a range of values

of the force constants that fit the experimental data equally well. Therefore,

it became necessary to apply some criterion in order to choose a set of constants

for each interaction from among the many that fit the diffusion data. Force con-

stants from viscosity data for the pure species H2, 02, and H20 were used to es-

timate the constants for the H2-02, H2-H20 , and H20-02 interactions by applying

the usual combining rules (ref. 4, pp. 168 and 600). Then the constants, deter-

mined from diffusion data, which were most consistent with those estimated

through combining rules, were used to calculate the collision cross sections.

The Lennard-Jones (12-6) potential was also applied to the 02-0H and the

H2-0H interactions. For these interactions, however, no diffusion data are

available, and so the force constants were estimated directly. The method used

to estimate these constants is given in reference &, page 600. In using this

method, the force constants for 02 (o = 3.467_ e/k = 106.7) were obtained from

reference 23, the force constants for H 2 (q = 2.915, e/k = 38.0) from refer-

ence &_ and the force constants for OH (o = 2.662, e/k = 506, 5 = 0.754) from

this report.

For the remaining interactions a simple combining rule was used. At each

temperature, the rigid sphere collision diameter for viscosity is given by

13



_rs = 1/_(?'2/ (29)

If the usual combining rule for collision diameters of unlike molecules is ap-

plied

s 12 2

the collision cross section for the unlike interactions can be expressed as

2 + a 2
(rS)ll 2(_rS)ll(_rs)22 + ( rs)22

o 2 =
_ ( rs)12 _

+v
= _ _ (3l)

Since the functions A* and B* vary slowly with temperature_ a simple arith-

metic average is sufficiently accurate for unlike interactions, when equation

(31) is used; that is,

A_I+ A_2 (32a)
A_2 - 2

B_I+ B_2 (32b)
B_2 - 2

Equations (31) and (32) were applied to the following interactions over the

entire temperature range: H-02, H-0H, H-H20 , 0-H2, 0-0H, O-H20 _ and OH-H20.

They were also applied to the H2-H20 and H2-OH interactions at higher tempera-

tures. At lower temperatures, the Lennard-Jones (12-6) potential_as used for

the H2-H20 and H2-0H interactions, as discussed previously. Then at higher tem-
peratures these results were faired into the results obtained from equations (31)

and (32).

Assumptions Applied in Obtaining Cross Section Data

Ions were not included in either the thermodynamic or the transport property

calculations. Internal calculations at the NASA Lewis Research Center indicate

that the fraction of ions at 5000 ° K and 0.001 atmosphere_ the condition most

favorable for ionization considered herein, is about 2×i0 -A. (Also, see ref.

2_.) Nor were excited states considered in the transport property calculations,

since the contribution of these species is of the order of magnitude of the un-

certainty in the cross section data or less. Furthermore, cross section data for

excited states are scarce, and would therefore have to be estimated_ however, ex-

cited states are considered in the thermodynamic calculations (see ref. 3 for

details).



No correction _as applied to the results for real gas pressure effects,
which becomeimportant at high pressures and low temperatures. This effect is
caused by ternary and higher order molecular collisions, whereas the theory ap-
plied in this report assumesonly binary collisions. (This real gas effect
should not _ cor2used with the composition _ --_ _an_s caused by pressure changes,
which are of thermodynamic origin and are theref_ore included in the calcula-
tions. ) No correction of this kind _as applied for two reasons. First, since
the correction is appreciable only for the condition of high pressure and low
temperature, it would be needed only over a small range of the conditions con-
sidered. Second, the theory of the dense gas state is still inadequate.

Table II presents cross sections for the various interactions needed in
this report and also the sources oi _ese data.

DISCUSSIONOFRESULTS

The appendix gives conversion factors for viscosity, thermal conductivity,
heat capacity, entropy, and enthalpy from cgs units to English units. The other
properties such as the isentropic exponent, Prandtl number, and Lewis numberare
dimensionless parameters, and conversion factors are not needed.

Table III presents the thermodynamic properties as functions of temperature
at assigned pressures and percent fuels. Theseproperties include enthalpy,
entropy, molecular weight, heat capacity_ isentropic exponent y, and equilibrium
composition. Also included are two partial derivatives involving temperature,
pressure, and molecular weight. Since all the relations between first deriva-
tives maybe expressed in terms of three arbitrary independent first derivatives,
it is possible to find any other first derivative by using these two plus the
heat capacity. (A discussion of the use of the derivatives presented in this
report is given in ref. 25.) The properties have been calculated for the follow-
ing 14 fuel weight percents: 0.0, 2.5, 5.0, 5.9266 (stoichiometrie H202), 8.5,
ll.1901 (stoichiometric H20), 12.5, 15.0, 17.5, 20.0, 30.0, 50.0, 75.0_ lO0.0.
For each of these percent fuels_ calculations have been performed at O.O01,
0.003, O.01, 0.03, O.1, 0.3, l, 3, 10, 30, 100, 300, and lO00 atmospheres, and
at intervals of 100° K from 600° to 5000° K. This table is the direct output of
an IBM 7090 program. For this reason, the numerical parts of the chemical for-
mulas are not printed as subscripts. In addition, in order to accon_nodatethe
chemical-equilibrium program of reference 2, numerical coefficients of 1 are also
included, whereas in the conventional notation they are not. For example, H20(g)
appears in table III as H2OI(G).

Table IV presents the transport properties for the conditions considered in
table IIl. Calculated properties include viscosity, monatomic (translational)
thermal conductivity, internal thermal conductivity, frozen thermal conductivity,
reaction thermal conductivity, equilibrium thermal conductivity, frozen heat ca-
pacity, equilibrium heat capacity, frozen Prandtl number, equilibrium Prandtl
number, and Lewis number. It should be pointed out that the frozen properties
of this report are based upon the equilibrium compositions at the given tempera-
ture and pressure; that is, they are calculated with assumedlocal chemical equi-
librium composition, but do not include the effects of diffusion and recombina-
tion. They are not the sameas the frozen properties of reference i in which

15



combustion chambertemperature and equilibrium compositions at specified presgure
and percent fuel are first calculated. The combustion products are then expanded
out a nozzle at assigned pressure ratios, holding the composition the sameas in
the combustion chamber. The frozen properties are calculated for this "frozen"
flow (composition held constant) process. Therefore, these frozen properties are
not comparable to the frozen properties of this report, except at the combustion
chamberconditions; however, all the equilibrium properties of reference i are
comparableto the equilibrium properties herein.

Figures i to 5 are plots of someof the tabulated data, that include en-
thalpy, frozenand equilibrium heat capacities, viscosity, frozen and equilibrium
thermal conductivities, and frozen and equilibrium Prandtl numbersas functions
of temperature for 0.0, 5.9266 (stoichiometric H202), ll.1901 (stoichiometric
H20), 15.0_ and 100.O weight percent hydrogen, each at 0.001_ O.01, O.1, l_ 10_
lO0, and 1000 atmospheres. The large contribution to the equilibrium heat ca-
pacity and equilibrium thermal conductivity due to chemical reaction is clearly
shownin the figures. Thoughthe shapes of the curves of these two properties
are very similar for a given percent fuel and pressure, it can be seen that the
maximumsdo not occur at the sametemperature. This results in someunusual
curves for the equilibrium Prandtl number, particularly at low pressure. This
maximumis also shownif these properties are plotted as functions of pressure
at assignedtemperatures and percent fuels.

A comparison of experimental viscosity data of pure H2, 02, and H20 with the
calculated data indicates that they show good agreement, as they should, since
experimental viscosity data were used in obtaining the cross sections of these
species; however, the calculated thermal conductivity data of H20 and 02 are
higher than the experimental data by about 16 and 5 percent, respectively. This
discrepancy is attributed to the fact that the modified Eucken expression is only
a first approximation to the internal thermal conductivity, as discussed pre-
viously. It is frequently poor for polar molecules; however, the modified Eucken
expression appears to improve with increasing temperature (ref. 7).

Also, somemention should be madeof the improvementmade in using rigorous
mixture equations over somesimple averaging technique. For example, calculated
Prandtl numbersfor somenonreacting gas mixtures may showa deep minimumwhen
plotted as a function of composition and at a fixed temperature (refs. 26 and
27). This has been substantiated by experimental data. Nowif it had been as-
sumedthat the Prandtl number, or the other properties that enter into the
Prandtl number, varied linearly with composition, the calculated Prandtl number
could be in error by as muchas a factor of about 2. This error would be in-
curred even if the properties of the pure gases involved were well known.

CONCLUSIONS

Thermodynamicand transport properties have been calculated for the
hydrogen-oxygen system for chemical equilibrium conditions; frozen heat capaci-
ties and frozen thermal conductivities have also been calculated based upon equi-
librium compositions. The results are believed to represent the best calculated
data presently available.
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There are a number of ways in which these calculations may eventually be
improved. First, more accurate values of the transport cross sections maybecome
available. Second, a better method of calculating the internal thermal conduc-
tivity of gas mixtures maybe developed. As mentioned previously, Masonand
Monchick have used the theories of WangChangand Uhlenbeck, and of Taxman, to
calculate the thermal conductivity of pure polyatomic gases. As a first approxi-
mation, the usual modified Eucken approximation for a pure gas was derived, and
as a second approximation, additional terms involving relaxation times were in-
cluded. Polar gases are also considered. An extension of this theory to gas
mixtures may be possible. And third, inclusion of ionized and excited species
would be necessary if the calculations are extended to higher temperatures.

In spite of these limitations, however, it has been shownthat it is desir-
able to apply rigorous equations to the transport property mixture calculations,
even though transport cross sections are not well known. This is due to the fact
that whentransport properties are used in heat- and mass-transfer calculations
they often enter in the form of dimensionless groups. Uncertainties in the cross
sections introduce errors in the gas mixture viscosity and in the thermal conduc-
tivity that are in the samedirection. Therefore, whenratios of these proper-
ties are taken, such as in the Prandtl number,they tend to cancel. This results
in errors in heat- and mass-transfer coefficients that are substantially less
than the errors in the individual properties. However, this argument would not
apply to mixture equations, which are empirical or semi-empirical, since errors
may be randomrather than systematic. Then this reduction of error, due to can-
cellation, would not be realized. Therefore_ even though the individual proper-
ties maybe in error, rigorous calculations are justified and give results that
are suitable for heat- and mass-transfer calculations.
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APPENDIX- CONVERSIONUNITSFORVISCOSITY,THEEMALCONDUCTIVITY,

HEATCAPACITY,ENTROPY,ANDENTHALPY

The factors for converting viscosity, thermal conductivity, heat capacity,
entropy, and enthalpy from cgs units to English units are the following:

Viscosity:

i poise (_) = i (cm)g(sec)

ib mass

= 6"72X10-2 (ft)(sec')

lb mass
= 241.9

(ft)(Imr)

= 2.089X10_ 5 (lb force)(sec)

ft 2

Thermal conductivity:

cal abs joules

i (cm)(sec)(OK) (_) = 4.184 (cm)(sec)(OK)'

= O. 8064
Btu

(ft)2(sec)(°F/in.)

= 6.72xi0 -2 Btu

(ft)2(sec)(°F/ft)

= 241.9
Btu

( ft ) 2 (b_r) (°F/ft)

Heat capacity and entropy:

cal Btu
1 = 1

(g) (°K) (ib mass) (°F)

Enthalpy:

cal
i _= 1.7988

g

Btu

ib mass

18



REFERENCES

i. Gordon, Sanford, and McBride, Bonnie J. : Theoretical Performance of Liquid
Hydrogen with Liquid Oxygenas a Rocket Propellant. .NASAMEMO5-21-59E,
1959.

2. Zeleznik, Frank J., and Gordon, Sanford: A General IBM 704 or 7090 Computer

Program for Computation of Chemical Equilibrium Compositions, Rocket Per-

formance, and Chapman-Jouguet Detonations. NASA TN D-1454, 1962.

3. McBride, Bonnie J., Heimel_ Sheldon, Ehlers_ Janet G._ and Gordon, Sanford:

Thermodynamic Properties to 6000 ° K for 210 Substances Involving the First

18 Elements. NASA SP-3001, 1963.

4. Hirschfelder, Joseph 0., Curtiss, Charles F., and Bird, R. Byron: Molecular

Theory of Gases and Liquids, John Wiley & Sons, Inc._ 1954.

5. Hirschfelder, Joseph 0.: Generalization of the EuckenApproximation for the

Heat Conductivity of Polyatomic or Chemically Reacting Gas Mixtures. Conf.

on Thermodynamic and Transport Properties of Fluids, Session 3, Paper 5,

The Inst. of Mech. Eng. and Int. Union of Pure and Appl. Cham._ July i0-12,

1957.

6. Muckenfuss, Charles, and Curtiss, C. F.: Thermal Conductivity of Multicompo-

nent Gas Mixtures. Jour. Chem. Phys., vol. 29, no. 6, Dec. 1958, pp. 1273-

1277.

7. Mason, E. A., and Monchick, L.: Heat Conductivity of Polyatomic and Polar

Gases. Jour. Chem. Phys., vol. 36, no. 6, Mar. 1962, pp. 1622-1639.

8. Butler, James N., and Brokaw, Richard S.: Thermal Conductivity of Gas Mix-

tures in Chemical Equilibrium. Jour. Chem. Phys., vol. 26, no. 6, June

1957, pp. 1656-1643.

9. Brokaw, Richard S.: Thermal Conductivity of Gas Mixtures in Chemical Equi-

librium II. JolD__. Chem. Phys., vol. 32, no. 4, Apr. 1960, pp. 1005-1006.

I0. Brokaw, Richard S.: The Lewis Number. Prog. in Int. Res. on Thermodynamic

and Transport Properties, Joseph F. Masi and Donald H. Tsai, eds., Academic

Press, Inc., 1962, pp. 271-278.

ii. Vanderslice, J. T._ Weissman_ Stanley, Mason, E. A., and Fallon, R. J.:

High-Temperature Transport Properties of Dissociating Hydrogen. Phys.

Fluids, vol. 5, no. 2, Feb. 1962, pp. 155-164.

12. Yun, K. S., and Mason, E. A.: Collision Integrals for the Transport Proper-

ties of Dissociating Air at High Temperatures. Phys. Fluids, vol. 5,

no. 4, Apr. 1962, pp. 380-386.

19



15. Krupenie, Paul H., Mason, EdwardA., and Vanderslice, Joseph T.: Inter-
action Energies and Transport Coefficients of Li + H and 0 + H Gas Mix-
tures at High Temperatures. Jour. Chem.Phys., vol. 59, no. i0, Nov.
1963, pp. 2399-2_08.

I_. Itean, EugeneC., Glueck, Alan R., and Svehla, Roger A.: Collision Integrals
for a Modified Stockmayer Potential. NASATND-_S1, 1961.

15. Monchick, L., and Mason, E. A.: Transport Properties of Polar Gases. Jour.
Chem.Phys., vol. 35, no. 5, Nov. 1961, pp. 1676-1697.

16. Maass, 0., and Hatcher, W. H.: Properties of Pure Hydrogen Peroxide. I.
Jour. Am. Chem.Soc., vol. 42, no. 12, Dec. 1920, pp. 2548-2569.

17. Pauling, Linus: The Nature of the Chemical Bond. Third ed., Cornell Univ.
Press, 1960.

18. Walker, R. E., and Westenberg, A. A.: Molecular Diffusion Studies in Gases
at High Temperature. IV. Results and Interpretation of the C02-02,
CH4-02,H2-02, CO-02, and H20-02 Systems. Jour. Chem.Phys., vol. 32,
no. 2, Feb. 1960, pp. 436-442.

19. Schwartz, F. A., and Brow, Jeanne E.: Diffusivity of Water Vapor in Some
CommonGases. Jour. Chem.Phys., vol. 19, no. 5, May 1951, pp. 640-646.

20. Crider, Walter L.:
Vapor Pressure.
924-925.

The Use of Diffusion Coefficients in the Measurementof
Jour. Am. Chem.Soc., vol. 78, no. 3, Mar. S, 1956, pp.

21. Nelson, E. T.: The Measurementof Vapour Diffusivities in Coal-Gas and Some
CommonGases. Jour. Appl. Chem., pt. 7, vol. 6, July 1956, pp. 286-292.

22. Trautz, Max, undM_ller, Walter: Die Reibung, _grmeleitung und Diffusion in
Gasmischungen. NeueMessungenyon Diffusionkonstanten und Abschliessende
Zusammenfassung_ber Gas-Diffusionskonten. Ann. Phys., bd. 22, ser. 5,
1935, pp. 353-37_.

23. Svehla, Roger A.: Estimated Viscosities and Thermal Conductivities of Gases
at High Temperatures. NASATR R-132, 1962.

2_. S_nger-Bredt, Irene: The Characteristics of Hydrogen and Water as Working
Gasesfor Reactor-Heated Rocket Motors. NASATT F-13 1959.

25. Gordon, Sanford, Zeleznik, Frank J., and Huff, Vearl N.: A General Method
for Automatic Computation of Equilibrium Compositions and Theoretical
Rocket Performance of Propellants. NASATN D-132, 1959.

26. Hirschfelder, Joseph 0.: High SpeedReactions - Heat Conductivity in Poly-
atomic, Electronically Excited, or Chemically Reacting Mixtures, III.
Sixth Symposium(International) on Combustion, Reinhold Pub. Corp. 19573
pp. 551-566.

2O



27. Brokaw, R. S.: Energy Transport in High Temperature and Reacting Gases.
Phys. Chem. in Aero. and Space Flight, A. L. Myerson and A. C. Harrison,
eds., PergamonPress, 1961, pp. 238-252.

21



TABLEI. - STANDARDSTATE(ZERO

PRESSURE)ENTHALPIESAT 0°

298.15 ° K (REF. 3)

Molecule

H

H 2

H20

0

O 2

OH

Standard state enthalpy,

cal/g-mole

O

Ho

50,616.5

:2j025.8

-60,164.678

57,949.150

-2,074.759

7,205.65

O
H298.15

(a)

523097.754

0

-57,797.900

59,556.651

0

9_512.491

avalues at 298.15 ° K are also heats

of formation at this temperature.
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Inter-

action

H-H

H-H 2

H-H20

H-0

Temper-

ature,

5O0

I000

1500

2000
2500

5000
3500

4000

4500

5000

5500

6000

6500

7000

5OO

I000

1500

2000
2500

3000

5500

4000

4500

5000

5500
6000
6500
70OO

5OO

i000

1500

2000
2500

3000

3500

4000

4500

5000

5500
6000
6500
7000

500

lO00

1500

2000
2500

5000

5500

4000

4500

5000

5500

6CO0
6500
7000

TABLE II. - COLLISION CROSS SECTIONS FOR TRANSPORT PROBERTY CALCULATIONS

_(2,2), A* B*

A 2

Source of data

7.568 1.127 1.185 Reference II.

5.954 1.137 1.195 Values of B*

5.222 1.143 1.200 were not given
4.743 1.148 1.206 in reference Ii

4.392 .!.!5!,!.2!0,but were calcu-

lated with H-H

4.118 1.154 1.214 interaction po-

5.895 1.156 1.218 tentials given
3.742 1.159 1.222 In reference ii.

3.614 1.159 1.228 Also, values of

3.500 1.156 1.234 _(2,2) and A*

were extended
3.592 1.148 1.241 to 500 ° K.
3.281 1.158 1.249

3.167 1.122 1.255

3.063 l.llO 1.261

6.279 1.219 1.181 Reference Ii.

5.134 1.255 1.200 Data extended

4.516 1.246 1.212 to 500 ° K.

4.100 1.254 1.222

3.792 1.261 1.230

5.549 1.266 1.257
3.349 1.271 1.245

5.180 !1.276 1.249

5.034 1.280 1.254

2.907 1.284 1.259

2.795 1.287 1.264

2.694 1.290 1.268

2.601 1.293 1.272

2.518 1.296 1.276

10.595 0.922 1.213 Combining rules

7.872 1 057 1.177 (eqs. (31)
6.754 11096 1.164 and (52)).

6.126 I.Iii 1.159

5.714 1.119 1.157

5.412 1.125 1.157

5.179 1.127 1.158

5.009 1.130 1.159

4.870 1.152 1.161

4.748 1.132 1.164

4.639 1.128 1.167

4.533 1.124 1.171

4.431 1.117 1.174

4.337 1.112 1.177

9.580 1.152 1.160 Reference 13.

8.507 1.159 1.168 Data extended

7.640 1.165 1.176 to 500 ° K.

7.055 1.169 1.182

6.614 1.175 1.186

8.245 1.176 1.192

5.977 1.178!1.196

5.753 1.180 1.200

5.521 1.182ii.204

5.536 1.183 1.206

5.170 1.185 1.209

5.022 1.186 1.212

4.886 1.187 1.214

4.764 1.189 1.217

Inter-

action

H-02

H-0H

H2-H 2

H2-H20

Temper-

ature,

5OO

i000

1500

2000

5000

3500
4000

4500

5000

5500

6000
6500
7000

500

I000

1500
2000
2500

3000

5500
4000

4500

5000

5500
6000
6500

7000

5OO

i000

1500

2000
2500

5000

5500

4000

4500

5000

5500

6000
6500
7000

500

i000

1500

2000

2500

3000
5500

4000

4500
5000

5500
6000
6500
7000

E (2'2) , A* B*

A2

9.216 _.i08 1.1327.800 .126 1.146

7.189 1.156 1.154

6.800 1.147 1.161

6.256 1.158 1.171

6.048 1.161 1.174

5.887 1.164 1.178

5.745 1.166 1.182
5.625 1.166 1.186

5.490 1.163 1.191

5.367 1.159ii.196

5.238 1.152:1.199

5.120 1.147 1.205

9.681 I.i15 1.200

7.560 1.119 1.167

6.404 1.121 1.156

5.864 1.124 1.154

5.500 1.126 1.153

5.250 1.129 1.154

5.018 1.131 1.156

4.865 1.155 1.157

4.754 1.134 1.160

4.622 1.155 1.163

4.519 1.130 1.167

4.419 1.126 1.171

4.321 1.118 1.174

4.252 1.115 1.177

6.747 1.155 i. I15

6.002 1.152 1.124

5.595 1.200 1.154

5.328 1.220 1.186
5.020 1.242 1.206

4.732 1.247 1.214

4.495 1.252 1.219

4.295 1.256 1.224

4.119 1.259 1.229

5.966 1.262 1.232

3.831 1.265 1.256

3.710 1.268 1.259

5.598 1.271 1.242

5.497 1.273 1.246

7.556 1.095 1.098

6.525 1.104 1.091

6.101 I.ii0 1.092

5.845 1.115 1.097

5.651 1.116 1.097

5.499 1.118 1.095

5.575 1.120 1.095

5.250 1.122 1.095

5.130 1.123 1.095

5.015 1.124 1.095

4.991 1.125 1.095

4.781 1.126 1.095
4.681 1.127 1.095
4.597 1.128 1.095

Source of data

Combining rules

(eqs. (31)
and (52)).

Combining rules

(eqs. (31)
and (32)).

Reference ii. Values

of B* were not given
in reference II but

were calculated wlth

H2-H 2 interaction po-

tentials given in

reference II. Also,

values of _(2,2)

and A* were extended
to 500 ° K.

Lennard-Jones (12-6)

potential, using force
constants obtained

from binary diffusion

data, was used at

lower temperatures

(_ = 2.718 A,

ie/k = 159 ° K). Above

5500 ° K, these results
were faired Into re-

sults obtained from

equations (31)

an_ (52).
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TABLE II. - Continued.

Temper- _(2,2) AnInter-

action ature, A 2

H2-0 500 7.498 1.141 1.122
I000 6.579 1.156 1.132

1500 6.089 1.181 1.155

2000 5.726 1.192 1.173

2500 5.413 1.205 1.184

5000 5.141 1.210 1.191

3500 4.916 1.214 1.195

4000 4.723 1.218 1.202

4500 4.556 1.220 1.208

5000 4.409 1.223 1.208

5500 4.279 1.225 1.209

8000 4.I62 1.228 1.210

8500 4.054 1.230 1.211

7000 3.954 1.252 1.214

H2-O 2 500 7.698 1.107 1.090
I000 6.927 1.116 1.097

1500 6.521 _i.121 1.095

2000 6.250 1.124 1.095

2500 8.051 1.I27 1.095

3000 5.895 1.129 1.095

5500 5.765 1.151 1.096

4000 5.653 1.153 1.096

4500 5.557 1.154 1.095

5000 5.473 1.135 1.095

5500 5.398 1.136 1.096

6000 5.350 1.138 1.096

6500 5.268 1.158 1.095

7000 5.212 1.139 1,094

H2-0H 500 7.739 1.096 1.099
1000 6.710 1.104 1.091

1500 6,283 1.110 1.094

2000 6.017 I.i151_.0972500 5.791 1.116 .096

3000 5.569 1.119 1.095

5500 5.552 1.121 1.095

4000 5.171 1.122 1.095

4500 5.018 1.124 1.095

5000 4.985 1.125 1.095

5500 4.768 1.12611.095

6000 4.664 1.127 1.095

6500 4.568 1.128 1.095

7000 4.482 1.129 1.095

H20-H20 500 14.406 0.717 1.245
i000 10.058 977 1.162

1500 8.482 11049 1.128

2000 7.685 ..074 1.112

2500 7.209 ..087 1.104

3000 6.885 1.093 I.I00

3500 6.645 1.099 1.098

4000 6.460 ..i02 1.096

4500 6.512 1.105 1.095

5000 6.187 1.108 1.095

5500 6.081 1.109 1.094

6000 5.988 i. III 1.094

6500 5.907 1.112 1.094

7000 5.835 1.114 1.094

COLLISION CROSS SECTIONS FOR TRANSPORT PROPERTY CALCULATIONS

B* Source of data Inter-

action

Combining rules H20-0

(eqs. (51) and (52)).

Lennard-Jenes (12-8) H20-O 2

potential, using

force constants ob-

tained from binary

diffusion data, was

used (_ = 5.009 A,

e/k = 63.7 ° K).

Lennard-Jones (12-6) H20-OH

potential, using esti-

mated force constants,

was used _e = 2.769 A,

e/k = 151 U K). Above

2000 ° K, these results

were faired into the

results obtained from

equations (31)

and (32).

Reference 15. 0-0

Stockmayer potential

was used (e = 2.71 A,

s/k = 506 ° K,

6 = 1.2).

Temper- _,2,2,(_ A* B*

ature, A 2

%
500 11.157 0.932 1.187

i000 8.560 1.O68 1.151

1500 7.492 1.108 1.142

2000 6.890 1.119 1.156

2500 6.496 1.126 1.155

5000 6.208 1.153 1.154

5500 5.985 1.138 1.155

4000 5.799 1.141;1.158

4500 5.645 1.14! 1.159

5000 5.512 1.146 1.140

5500 5.596 1.147 1.158

6000 5.293 1.149 1.138

6500 5.199 1.151 i. IZ7

7000 5.112 1.152 1.138

500 10.069 1.094 1.108

I000 8.505 i.i01 1.092

IS00 7.906 1.106!1.091

2000 7.556 I.ii0 [.084

2500 7.306 1.113 1.097

5000 7.110 i.i15 1.097

3500 6.948 1.117 1.096

4000 6.811 1.119 1.095

4500 6.893 1.121 1.095

5000 6.589 1.122 1.095

5500 6.497 1.123 1.095

6000 6.414 1.124 1.095

6500 6.340 1.125 1.095

7000 6.272 1.126 1.095

500 13.357 0.910 1.250

1000 9.477 1.059 1.151

1500 8.090 1.074 1.120

2000 7.592 1.087 1.107

2500 6.968 1.094 i.i00

5000 6.677 1.099 1.097

3500 6.465 i.i03 1.096

4000 6.294 i.i05 1.094

4500 6.158 i. I07 1.094

5000 6.042 1.109 1.094

5500 5.944 i.ii0 1.0931

8000 5.858 1.112 1.093

6500 5.780 1.113 1.095

7000 5.710 1.115 1.095

500 8.288 1.148 1.132

i000 7.182 1.180 1.141

1500 6.564 1.165 1.156

2000 6.159 1.165 1.160

2500 5.821 1.169 1.165

3000 5.567 1.173 1.168

5500 5.355 1.177 1.172

4000 5.174 1.180 1.180!

4500 5.016 1.182 1.184;

5000 4.876 1.184 1.185

5500 4.752 1.186 1.182

6000 4.640 1.188 1.182

6500 4.537 1.190 1.181

7000 4.438 1.191 1.182

Source of data

Combining rules

(eqs. (51) and (32)).

Lennard-Jcnes (12-8)

potential, using force

constants obtained from

binary diffusion data,

was used (a = 3.038 A,

e/_ = 2oo o K).

Combining rules

(eqs. (31) and (52)).

Reference 12. Data

extended to 500 ° K.
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Inter-

_actlon

i

0-02

0-0H

02-02

TABLE II. - Concluded.

Temper- _(2,2)

ature, A 2

500 i0.015
i000 8.778

1500 8.095

2000 7.624
2500 7.269

5000 6.985

3500 6.749

4000 6.548
4500 6.574

5000 6.219

5500 6.082
6000 5.956
6500 5.845
7000 5.759

500 10.200

i000 8.025
1500 7.124
2000 6.615
2500 6.268

5000 6.012
5500 5.810
4000 5.642
4500 5.499
5000 5.575

5500 5,267
6000 5.169
6500 5.080
7000 4.997

500 11.271
I000 9.896

1500 9.470
2000 9.226
2500 9.020

5000 8.840
5500 8.672
4000 8.516
4500 8.568
5000 8.246

5500 8.090
6000 7.965
6500 7.827
7000 7,702

COLLISION CROSS SECTIONS FOR TRANSPORT PROPERTY CALCULATIONS

A* B* Source of data Inter-

action

02-OH

OH-0H

1.160 1.125 Reference 12. Data

1.169 1.151 extended to 500 ° K.

1.175 1.157
1.179 1.141

1.182 1.144

1.185 1.147

1.188 1.149
1.190 1.152

1.192 1.154

1.194 1.156

1.196 1.157

1.197 ..159
1.199 1.160

1.200 1.162

1.125 1.174 Combining rules
1.151 1.141 (eqs. (51) and (52)).
1.151 1.154

1.155 1.151

1.155 1.150

1.159 1.151
1.142 1.153

1.144 1.156

1.146 1.158
1.147 1.159

i1.149 1,157

1.1511.157

1.152 1.157
1.155 1.157

1.090 1.082 Reference 12. Data

1.115 1.099 extended to 500 ° K.

1.150 1,109
1,147 1.117

1.155 1.124

1.162!1.128

1.166 1.151

1.170 1.154
1.174 1.157

1.176 1.159

1.178 1.141

1.180 1.145
1.182 1.144

1.184 1.145

Temper-
ature,

T,
oK

50O
I000

1500
2000

2500

5000

5500

4000
4300

5000

5500
6000
6500
7000

50O
I000

1500
2000

2500

5000
3500
4000

4500
5000

5500
6000
65O0
7000

_(2,2),
A 2

10.862
8.949
8.265
7.864
7.597

7.591
7.222
7.080
6.957
6.848

6.751
6.665
6.587
6.515

12.510

8.914
7.707

7.104

6.752

6.475

6.285
6.151

6.005
5.899

5.808
5.726
5.654
5.589

A* B* Source of data

1.094 1.118 Lennard-Jones (12-6)

1.098 1.094 potential, using estl-

1.105 1.090 mated force constants,

1.107 1.090 was used Io T 5.049 A,
I.ii0 1.094 e/k = 247 _ K].

1.112 1.097

1.114 1.097
1.116 1.097

1.i18 1.096

1.119 1.095

1.120 1.095

1.121 1.095
1.122 1.095

1.125.1.095

1.105

1.102
1.099

i.i01

1.102

I.i05
1.107

1.108
i.iI0_

l.lll

1.112

1.114
1.115

1.116

1.217 Stock,hayer potential,

1.141 using estimated force

1.115 constants, was used.
1.102 The method of estl-

1.O97 mating the constants
is described in text

1.095 (a = 2.662 A,

1.094 e/k = 506 ° K,
1.o95 _ = 0.754).
1.095

1.095

1.095

1.095
1.095

1.095
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Figure 5. - Continued. Thermodynamic and transport properties as functions of tempera-

ture at various pressures for 11.1901 weight percent hydrogen.
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Figure 3. - Continued. Thermodynamic and transport properties as functions of tempera-
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